Here, we report a randomized multicenter phase III trial assessing the lot-to-lot consistency of the [2014][2015] Northern Hemisphere quadrivalent split-virion inactivated influenza vaccine (IIV4; Sanofi Pasteur) and comparing its immunogenicity and safety with that of trivalent inactivated influenza vaccine (IIV3) in younger and older adults (EudraCT no. 2014-000785-21). Younger (18-60 y, n D 1114) and older (>60 y, n D 1111) adults were randomized 2:2:2:1:1 to receive a single dose of one of three lots of IIV4, the licensed IIV3 containing the B Yamagata lineage strain, or an investigational IIV3 containing the B Victoria lineage strain. Post-vaccination (day 21) hemagglutination inhibition antibody titers were equivalent for the three IIV4 lots. For the pooled IIV4s vs. IIV3, hemagglutination inhibition antibody titers were also non-inferior for the A strains, non-inferior for the B strain when present in the comparator IIV3, and superior for the B strain lineage when absent from the comparator IIV3. For all vaccine strains, seroprotection rates were 98% in younger adults and 90% in older adults. IIV4 also increased seroneutralizing antibody titers against all three vaccine strains of influenza. All vaccines were well tolerated, with no safety concerns identified. Solicited injection-site reactions were similar for IIV4 and IIV3 and mostly grade 1 and transient. This study showed that in younger and older adults, IIV4 had a similar safety profile as the licensed IIV3 and that including a second B strain lineage in IIV4 provided superior immunogenicity for the added B strain without affecting the immunogenicity of the three IIV3 strains.
Introduction
Current trivalent influenza vaccines contain a single B strain, but since the 1980s, two distinct genetic lineages of influenza B virus, Victoria and Yamagata, have been co-circulating worldwide, both of which are responsible for influenza illnesses.
1,2 Every year, based on surveillance data, the World Health Organization recommends the A and B strains to be included in the next season's influenza vaccines, but selecting the correct B strain has been difficult, resulting in frequent mismatches between the trivalent vaccine and the predominant circulating B-strain lineage. For example, in the US, in half of the Northern Hemisphere influenza seasons between 1999-2000 and 2011-2012, the B-strain lineage included in the trivalent vaccine was not the same as the predominant circulating B lineage. 3 Similarly, B-strain lineage mismatches occurred in Canada in seven out of the 12 influenza seasons between [2001] [2002] and 2012-2013 4 and in five of the 10 influenza seasons in Europe between 2001-2002 and 2010-2011. 5 Influenza B disproportionately affects children and older adults, although it can cause illness as severe as influenza A in all age groups. [6] [7] [8] [9] [10] [11] Quadrivalent influenza vaccines containing both B lineages are becoming available and should help address the problem of mismatches between circulating and vaccine B strains. 5 A quadrivalent split-virion inactivated influenza vaccine (IIV4; VaxigripTetra TM , Sanofi Pasteur, Lyon, France) obtained marketing approval in Europe in June 2016 for individuals 36 months of age and older. Phase III clinical trials in younger adults (18-60 years), older adults (>60 years), and children 3 to 8 years of age have shown that IIV4 was as immunogenic as the comparator trivalent inactivated influenza vaccine (IIV3) for each of the three shared influenza strains and superior for the additional B strain. [12] [13] [14] In addition, IIV4 had a safety profile similar to that of the licensed IIV3. [12] [13] [14] A recent systematic review and meta-analysis, which included the results of five randomized clinical trials performed in adults comparing IIV4 to IIV3, came to the same conclusions. 15 Thus, the addition of the second B-strain lineage to IIV3 is expected to provide added protection against influenza without affecting protection against the original three strains.
Here, we present the results of a study designed to confirm these observations in younger and older adults and to demonstrate lot-to-lot consistency of three commercial batches of the 2014-2015 Northern Hemisphere formulation of IIV4. We also describe antibody persistence up to one year post-vaccination and how vaccination the previous year and high-risk conditions affect the vaccine's immunogenicity.
Results

Participants
Disposition
A total of 2225 participants were included between September 17 and October 21, 2014 at three centers in Belgium (n D 468), three in France (n D 560), four in Germany (n D 589), and five in Poland (n D 608) between September 2014 and October 2015 (Fig. 1 ). This included approximately equal numbers of younger adults (18-60 y, n D 1114) and older adults (>60 y, n D 1111). A total of 2113 participants completed up to month 12, and the study ended on October 23, 2015 . The main reason for early discontinuation was voluntary withdrawal unrelated to an adverse event (AE).
Baseline characteristics
Mean ages, ethnicity, and proportions of males and females were similar in all study groups (Table 1) . Also, in each of the Figure 1 . Disposition of participants in the study. 2225 participants were included and randomized 2:2:2:1:1 to receive a single dose of one of the three lots of the 2014-2015 formulation of IIV4, IIV3-1, or IIV3-2. IIV4 contained the A(H1N1), A(H3N2), B Victoria lineage, and B Yamagata lineage strains; IIV3-1 contained the two A strains and the B Victoria lineage strain (IIV3-1); IIV3-2 was the 2014-2015 licensed IIV3 and contained the two A strains and the B Yamagata lineage strain. All but three participants were vaccinated. Reasons for discontinuation included a severe adverse event (SAE), voluntary withdrawal not for an adverse event (AE), noncompliance with the study procedures, and loss to follow-up (LFU). The high number of protocol violations in the IIV3-1 group after day 21 and before month 6 was due to 47 participants who were offered and accepted to receive a second vaccination with the commercial vaccine (IIV3-2) so that they would be covered for the B/Yamagata-lineage strain. previous three influenza seasons (2013-2014, 2012-2013, and 2011-2012) , roughly one-third of participants in each group had received the seasonal influenza vaccine and 0.5% to 1.5% had been diagnosed with influenza. Although vaccination rates were balanced between the study groups, the rates were consistently lower in younger participants (approx. 20% to 25%) than in older participants (approx. 50%) (data not shown).
Hemagglutination inhibition (HAI) antibody response to vaccination with IIV4
When assessed 21 days after vaccination, IIV4 increased HAI antibody titers for all vaccine strains by 7-to 12-fold in younger adults and by 4-to 6-fold in older adults ( Table 2) . Seroprotection rates on day 21 were at least 98% in younger adults and at least 90% in older adults. Rates of seroconversion/significant increase in titer were 64% to 71% in younger adults and 43% to 48% in older adults. After day 21, HAI antibody titers gradually decreased so that they were 2-to 3-fold lower at 1 year than at day 21 ( Fig. 2 ), although they remained above baseline, with seroprotection rates for all vaccine strains above 90% in younger adults and above 75% in older adults
Non-inferiority and superiority of IIV4 vs. IIV3 and lot-to-lot equivalence Post-vaccination HAI geometric mean titers (GMTs) for all four vaccine strains were statistically equivalent between the three IIV4 lots (Table 3 ). In both age groups, post-vaccination (day 21) HAI GMTs for the pooled IIV4 lots were statistically non-inferior to those for the IIV3 for the A strains and for the B strain when it was included in the comparator IIV3 (Table 4) . Furthermore, for the additional B lineage strain, HAI antibody titers induced by IIV4 were statistically superior to those induced by the comparator IIV3 lacking it (Table 3) .
Influence of previous vaccination on HAI antibody titers As expected, baseline HAI GMTs were higher in participants who had received the previous season's influenza vaccine than in those who had not (Table 5 ). IIV4 induced post-vaccination (day 21) GMTs for each vaccine strain that were 1.3-to 2.2-fold higher in participants who had not received the previous season's influenza vaccine than in those who had received it. Regardless, for participants who received the previous year's vaccination, IIV4 induced post-vaccination seroprotection rates against all strains that remained above 98% for younger adults and above 91% for older adults ( Table 6 ).
Influence of high-risk conditions on HAI antibody titers
In both age groups, baseline and post-vaccination GMTs induced by IIV4 were unaffected by the presence of high-risk conditions (Table S1 ).
Seroneutralizing (SN) antibody response to vaccination with IIV4
The SN antibody response was examined in a randomly selected subset of participants as part of an exploratory analysis. Vaccination with IIV4 increased SN antibody titers for all strains, with a 4-fold increase in SN antibody titers against each vaccine strain achieved in 47%-70% of younger adults and 33%-55% of older adults (Table 7 ). Abbreviations: CI, confidence interval; GMT, geometric mean titer; HAI, hemagglutination inhibition; IIV3-1, trivalent inactivated influenza vaccine containing the B Victoria lineage strain; IIV3-2, licensed IIV3 containing the B Yamagata lineage strain; IIV4, quadrivalent inactivated influenza vaccine. a Non-inferiority was assessed in participants completing the study according to protocol and was concluded if the lower limit of the overall age-stratified two-sided 95% CI of the ratio of post-vaccination (day 21) GMTs between groups (pooled IIV4 lots/IIV3 comparator(s)) was >0.667 for each strain. Superiority was assessed in all vaccinated participants and was concluded if the lower limit of the two-sided 95% CI of the ratio of post-vaccination (day 21) GMTs between groups (pooled IIV4 lots/IIV3 comparator) was >1 for each B strain and in each age group. Values are for all participants completing the study according to protocol. Abbreviations: CI, confidence interval; GMT, geometric mean titer; GMTR, geometric mean of the individual ratios of the post-vaccination (day 21) HAI titer divided by the pre-vaccination (day 0) HAI titer; HAI, hemagglutination inhibition a Equivalence was assessed in all participants vaccinated and was concluded if the limits of the overall age-stratified two-sided 95% CI of the ratio of the GMTs between batches were between the interval from 0.667 and 1.5. Values are for all participants vaccinated with available pre-and post-vaccination HAI titers. Abbreviations: CI, confidence interval; GMT, geometric mean titer; HAI, hemagglutination inhibition; IIV3, trivalent inactivated influenza vaccine; IIV4, quadrivalent inactivated influenza vaccine. Values are for all participants with pre-and post-vaccination seroneutralization titers available. Abbreviations: CI, confidence interval; GMT, geometric mean SN titer; GMTR, geometric mean of the individual ratios of the post-vaccination (day 21) SN titer divided by the pre-vaccination (day 0) SN titer; IIV3, trivalent inactivated influenza vaccine; IIV4, quadrivalent inactivated influenza vaccine; NC, not calculable; SN, seroneutralizing.
Safety and tolerability
Solicited reactions
Solicited reactions were mostly grade 1 and were most commonly injection-site pain, headache, malaise, and myalgia (Supplemental Table S2 ). Most of these reactions resolved within 3 days (data not shown). Within each age group, proportions with solicited reactions or grade 3 solicited reactions were similar between IIV3 and IIV4. Rates of solicited reactions were lower in older adults than in younger adults for both IIV3 and IIV4.
Unsolicited AEs
Rates of unsolicited AEs and serious adverse events (SAEs) were similar between the different vaccination groups (Supplemental Table S3 ). No SAEs considered related to vaccination were reported up to the end of the safety follow-up at month 6. One participant left the study before the end of the safety follow-up period due to an unrelated SAE. A single adverse event of special interest (AESI), convulsion 13 days after vaccination resulting in hospitalization that resolved the same day, was reported for a participant vaccinated with IIV4. The participant had a history of convulsive seizure before enrollment in the study, and the event was not considered to be related to vaccination.
Discussion
This study confirmed that for younger and older adults, adding a second B strain lineage to IIV3 to produce IIV4 provides a superior response to the added B strain lineage without affecting the antibody response induced by the original three vaccine strains. Despite relatively high seroprotection rates at baseline, vaccination with IIV4 increased GMTs from baseline for all four vaccine strains by at least 4-fold in older adults and by at least 7-fold in younger adults. HAI antibody titers were highest 21 days after vaccination but remained above baseline for at least 1 year, in agreement with previous studies of split-virion IIV3s in healthy adults 16 and pregnant women. 17 As found in previous studies and concluded in a recent meta-analysis of clinical trials. 15, 12, 13 , this study showed that IIV4 is well tolerated and has a similar safety profile to IIV3. Importantly, IIV4 did not cause any vaccine-related SAEs or generate any new safety signals. As found in other studies of inactivated influenza vaccines, 18, 19 reactogenicity was lower in older adults than in younger adults. Consistent with other studies, antibody responses were also lower in older adults. 19, 20 The current study, performed in France, Belgium, Germany, and Poland, examined the 2014-2015 Northern Hemisphere formulation of IIV4. Very similar results were found in a study of younger adults vaccinated with the 2011-2012 formulation in France and Germany. 12 As in the current study, the previous study demonstrated non-inferior HAI antibody responses for IIV4 compared to the licensed IIV3 for all matched strains and superior antibody responses for B lineages when compared to an IIV3 containing the alternate B strain lineage. Also, as in the current study, a study performed in Australia and the Philippines found robust, equivalent antibody responses to three lots of the 2011-2012 Northern Hemisphere formulation of IIV4 in children, adolescents, and younger adults. 13 This suggests that IIV4s can be produced consistently across seasons and manufacturers.
Rates of serious influenza illness are known to be higher and vaccine immune responses lower in older adults because of immunosenescence, the age-related decline of the immune system. 21 This higher rate of serious influenza illness in older adults is probably also due to the higher incidence of certain conditions that increase the risk of complications. 22, 23 In the current study, however, conditions that increase the risk of complications did not result in lower immune responses to the vaccines.
This study showed that HAI antibody titers to each strain were lower in participants vaccinated with the previous season's influenza vaccine. This was also reported in another study of children 3 to 8 years of age vaccinated with the 2013-2014 Northern Hemisphere formulations of IIV3 and IIV4.
14 The clinical significance and reason for this finding is not clear, but for participants in the current study who had received the previous year's vaccination, post-vaccination seroprotection rates against all strains remained above 98% for younger adults and above 90% for older adults.
Seroprotection is commonly defined as an HAI antibody titer of 40. 24, 25 According to this definition, seroprotection against all strains was attained by at least 90% of younger and older adults in this study. Some authors have suggested, however, that serologic results overestimate protection by IIVs, and they argue that fixed HAI titer cut-offs, at least alone, are not appropriate for estimating protection. [26] [27] [28] [29] [30] Because of these limitations, in Europe, SN responses must now be reported in addition to HAI antibody responses. 31 SN responses are strongly associated with protection, and SN titers correlate well with HAI antibody titers, although the combination of SN and HAI is better than either alone at describing vaccine efficacy. 32, 33 Here, we showed that vaccination with IIV4 induced SN antibody responses to each of four vaccine strains of influenza in most of the participants tested, even those that had detectable SN antibodies at baseline. This strengthens the conclusion that, in most participants, IIV4 induced protective antibodies against all four vaccine strains of influenza. Because a correlate of protection based on SN titer has not been established, these results cannot be used to estimate or compare efficacy between vaccines. 28 Quadrivalent influenza vaccines are gradually replacing trivalent vaccines. The current study confirmed the immunogenicity, safety profile, and lot-to-lot consistency of the 2014-2015 Northern Hemisphere formulation of IIV4. It also showed that the vaccine should provide good protection against all four included strains of influenza, even in individuals with high-risk conditions and individuals vaccinated the previous year for seasonal influenza. By providing broader coverage and a better match to circulating B strains, IIV4 should help reduce the public health impact of influenza.
Patients and methods
Study design
This was a phase III randomized clinical trial carried out at three centers in Belgium, three in France, four in Germany, and 2014-000785-21) . Primary objectives were (1) to demonstrate equivalence of the post-vaccination (day 21) HAI antibody response induced by the three different lots of IIV4 for each vaccine strain; and (2) to demonstrate non-inferiority of the post-vaccination (day 21) HAI antibody response induced by the pooled IIV4 lots compared with the IIV3 containing the Victoria lineage strain (IIV3-1) and the IIV3 containing the Yamagata lineage strain (IIV3-2). Secondary objectives were to confirm superiority of the HAI antibody response to the B Victoria lineage strain in the IIV4 group compared to the response to the B Victoria lineage strain in the IIV3-2 group, 21 days after vaccination in younger and older adult age groups; confirm superiority of the response to the B Yamagata lineage in the IIV4 group compared to the response to the B Yamagata lineage strain in the IIV3-1 group; and to describe the safety profile, including solicited reactions during the 7 days following vaccination, AEs during the 21 days following vaccination, and SAEs and AESIs during the 6 months after vaccination. Antibody persistence up to 12 months after vaccination was investigated as an observational objective.
Ethics
The study was approved by each institution's ethics committee or review board. The conduct of this trial was consistent with the standards established by the Declaration of Helsinki and complied with the International Conference on Harmonization Guidelines for Good Clinical Practice as well as all local and national regulations and directives. All participants provided written informed consent to be included in this trial.
Participants
The study included healthy adults (18 years). Potential participants were excluded if they received any vaccine in the 4 weeks preceding trial vaccination or planned to receive any vaccine in the 3 weeks following trial vaccination; had previously received the 2014 Southern Hemisphere formulation or the 2014-2015 Northern Hemisphere formulation of the seasonal influenza vaccine; received immune globulins, blood, or blood-derived products in the past 3 months; had known or suspected congenital or acquired immunodeficiency; received immunosuppressive therapy within the preceding 6 months; received longterm systemic corticosteroid therapy (prednisone or equivalent for >2 consecutive weeks) within the past 3 months; had known systemic hypersensitivity to any of the vaccine components or a previous life-threatening reaction to the vaccines used in the trial or to a vaccine containing any of the same substances; had thrombocytopenia; had a bleeding disorder or received anticoagulants in the 3 weeks before the study; had a chronic illness that, in the opinion of the investigator, might interfere with the study assessments; or had moderate or severe acute illness or infection on the day of vaccination or febrile illness (temperature 38.0 C). Women were excluded if they were pregnant, lactating, or of childbearing potential and not using an effective method of birth control. Prior to enrollment, all participants were assessed for preexisting conditions and illnesses. Participants were considered to be at risk for influenza-related complications if they had at least one past or current high-risk condition as defined by the US Centers for Disease Control and Prevention. 
Vaccination
Participants were randomized 2:2:2:1:1 to receive a single dose of one of the three lots of IIV4, IIV3-1, or IIV3-2. The randomization list was generated by computer using the permuted block method with stratification by site and age group. Participants were assigned via an interactive voice or web response system. The study was double-blinded (investigator and participants) for the IIV4 or IIV3-2 groups. The IIV3-1 group was single-blinded because it was delivered in different packaging than the investigational products, although it was presented to participants in an identical 0.5-mL single-use syringe. For all participants, immunogenicity was assessed in a blinded manner.
HAI assay
The primary immunogenicity endpoint was the HAI titer measured 21 days after vaccination. HAI titers were also assessed at baseline (day 0), at the end of the safety follow-up period (month 6), and at month 12. HAI titers were measured as described previously. 12 Hemagglutinin antigens used in the HAI assay corresponded to the strains in IIV4. Briefly, the highest serum dilution resulting in complete inhibition of hemagglutination was determined for duplicates of each sample. The HAI antibody titer for each sample was calculated as the geometric mean of the reciprocal of the duplicate values. The lower limit of quantitation was set at the reciprocal of the lowest dilution used in the assay (10), and the upper limit of quantitation as the highest dilution used in the assay (10, 240) . GMTs, geometric means of individual titer ratio of postvaccination vs. pre-vaccination (day 0), seroprotection, and seroconversion or significant increase in HAI titer were calculated. Seroprotection was defined as a HAI titer 40; seroconversion as a HAI titer <10 on day 0 and a post-vaccination HAI titer 40; and significant increase was defined as a HAI titer 10 on day 0 and a 4-fold post-vaccination increase in HAI titer.
SN assay
SN titers were measured using the World Health Organization procedure 35 in 50 randomly selected participants in each age and vaccine group. Briefly, serially diluted, heat-inactivated human serum samples were mixed with a fixed amount of challenge virus prior to the addition of Madin-Darby canine kidney cells. Challenge virus strains were the same as those in IIV4. After overnight incubation, the viral nucleoprotein production in infected cells was measured by enzyme linked immunosorbent assay using a monoclonal antibody specific to influenza A or influenza B nucleoprotein. The lower limit of detection was the reciprocal of the lowest dilution used in the assay (1:10), and the upper limit of detection was the reciprocal of the highest dilution used in the assay (1:10,240).
Safety and reactogenicity
Unsolicited AEs and SAEs were collected according to International Conference on Harmonization E2A Guideline for Clinical Safety Data Management: Definitions and Standards for Expedited Reporting. Safety endpoints included immediate unsolicited AEs (within 30 min after vaccination); solicited injection-site reactions (pain, erythema, swelling, induration, ecchymosis) and systemic reactions (fever, headache, malaise, myalgia, shivering) within 7 days, recorded by patients on diary cards; unsolicited AEs within 21 days; and SAEs and AESIs up to 6 months. Erythema, swelling, induration, and ecchymosis were considered grade 1 for 25 to 50 mm, grade 2 for 51 to 100 mm, and grade 3 for >100 mm. Fever was considered grade 1 for 38.0 C to 38.4 C, grade 2 for 38.5 C to 38.9 C, and grade 3 for 39.0 C. All other reactions and AEs were considered grade 1 for not interfering with activity, grade 2 for some interference with activity, and grade 3 for significant, preventing daily activity. Investigators categorized the relatedness of unsolicited AEs, SAEs, and AESIs as "unrelated" or as "possibly or probably related". AESIs included anaphylaxis, Guillain-Barr e syndrome, encephalitis/myelitis, neuritis, febrile and non-febrile convulsions, thrombocytopenia, and vasculitis.
Estimation of study size
For each age group, approximately 278 participants were to be enrolled in each IIV4 lot group and 139 participants in each IIV3 group (2224 participants in total). This produced an overall power (i.e., product of all individual power estimates) > 90% to demonstrate the following: (1) equivalence of the three IIV4 lots in terms of GMTs with a one-sided alpha level of 2.5% and an equivalence margin of 1.5, assuming a standard deviation of log 10 -transformed titers of 0.6 for each strain and 90% participants evaluable; (2) non-inferiority of pooled IIV4 lots vs. IIV3 group(s) in terms of GMTs with a one-sided alpha level of 2.5% and a non-inferiority margin of 1.5, assuming a standard deviation of log 10 -transformed titers of 0.6 for each strain and 90% participants evaluable; and (3) superiority in each age group of IIV4 vs. each IIV3 group for the B strain it did not contain assuming that the IIV4 induces at least a 2-fold increase in the IIV3 response to the B strain it did not contain, a standard deviation of log 10 -transformed titers of 0.6, and 95% participants evaluable.
Statistical analysis
Statistical analysis was performed using SAS Ò version 9.2 or later (SAS Institute, Cary, NC, USA). Missing or incomplete data were not replaced, with the exception that all HAI titers under the lower limit of quantitation (10) were assigned a value of 5 and all HAI titers above the upper limit of quantitation (10, 240) were assigned a value of 10,240. To calculate GMTs, the means and 95% confidence intervals (CIs) were determined from log 10 -transformed data using Student's t-distribution with n¡1 degrees of freedom, after which antilog transformations were applied to the results of calculations. Lot-to-lot consistency and non-inferiority of IIV4 vs. IIV3 were assessed in all participants who completed the study according to protocol. Superiority of IIV4 vs. IIV3 was assessed primarily in all vaccinated participants. Immunogenicity measures were reported for all randomized participants who received the study vaccine with available pre-and post-vaccination HAI titers. As previously described, 13 lot-to-lot equivalence for each strain was demonstrated if the age group-stratified two-sided 95% CI of the post-vaccination HAI GMT ratio was between 0.667 and 1.5. Non-inferiority and superiority were assessed as previously described. 12 Briefly, non-inferiority and superiority assessments were based on the two-sided 95% CI of the ratio of post-vaccination GMTs between the IIV4 and IIV3 group(s). For noninferiority, the age-stratified CI was calculated using an analysis of variance model of log 10 -transformed titers, with the age group (18-60 and >60 years) as the stratifying factor in the model. Non-inferiority was demonstrated if the lower limit of the age-stratified two-sided 95% CI of the ratio of day 21 GMTs was >0.667 for each strain. For superiority, the CI was calculated using a normal approximation and was demonstrated if the lower limit of the two-sided 95% CI of the ratio of day 21 GMTs was >1 for each B strain in each age group. Safety is presented using descriptive statistics and assessed in all participants who received a study vaccine according to the vaccine actually received.
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